Laser “°Ar/3?Ar dating of single detrital muscovite grains
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ABSTRACT

In India, the Dagshai and overlying Kasauli For mationsrepresent
the oldest exposed continental foredeep sedimentseroded from the Hi-
malayan orogen. “°Ar/3°Ar dating of individual detrital white micas
from these sedimentary unitshasprovided maximum depositional ages
of <28 Mafor the Dagshai Formation at one locality and <25 Ma at a
second locality, whereas deposition of the Kasauli Formation occurred
after 28 Ma at two localities and after 22 Ma at a third locality. This
timing suggeststhat, in India, the start of substantial exhumation and
erosion from therising Himalayan orogen was delayed until 28 Ma.

INTRODUCTION

Theimportant role played by erosionin the thermotectonic evolution of
orogenic belts has been recognized from the time of early studies (e.g., En-
gland and Richardson, 1977; Johnson, 1981) through to the two-dimensiona
theoretical modeling undertaken by Ruppel and Hodges (1994). Inthis paper
we seek to add new data on the problem of when significant uplift and ero-
sion started in the Himalaya by determining the maximum ages of the earli-
est Himalayan-derived clastic foredeep sedimentary formationsin India

GEOL OGIC BACKGROUND

The Himalayaformed as aresult of the collision between India and
Eurasia. Collision was most probably diachronous west to east and began
during thelatest Paleocene-middle Eocene (e.g., Searleet a., 1988; Garzanti
et a., 1996). The mountain range consists of southward-verging thrusts; the
Main Central thrust and the Main Boundary thrust are two of the most im-
portant (Fig. 1). The Main Centra thrust separates Indian plate basement
rocks of medium to high metamorphic grade (the High Himaaya) from In-
dian platerocks of alower metamorphic grade (the L esser Himalaya) below.
Farther south, the Main Boundary thrust separatesthe L esser Himalayafrom
the Sub-Himalayan foredeep, which contains Tertiary, Hima ayan-derived
sedimentary rocks. The Dagshai and overlying Kasauli Formation sedimen-
tary rocks are the oldest clastic deposits in the Indian Himalayan foredeep
(Bhatia, 1982). They crop out for more than 300 km a ong the mountain
chain and provide valuable information on early Himaayan events and un-
roofing history.

The Dagshai Formation consists of red sandstones, siltstones, mud-
stones, and caliche. The lowest part of the succession is mudstone domi-
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Figure 1. Simplified geologic map of study area, showing sample local-
ities. Inset shows location of field areain relation to surrounding region.

nated; the sandstone:mudstone ratio increases upsection. The succession is
interpreted as having been deposited under semiarid conditionsin a distal
alluvia fan, sheet flood, and fluvial system. The transition to the overlying
Kasauli Formation is gradua and conformable. Gray sandstones dominate
the Kasauli Formation. Theserocksareinterpreted as having been deposited
under humid conditionsin alluvial-fan and fluvia environments (Najman et
al., 1993; Najman, 1995). The foredeep sedimentary units overlie the Pa-
leocene-middle Eocene marine Subathu Formation and are, in turn, over-
lain by the sandstones and mudstones of the Lower, Middle, and Upper Si-
walik subgroups.

The Dagshal Formation rocks are the first exposed products of erosion
of the orogen. The sandy part of this sequence and the overlying Kasauli For-
mation mark thefirst mgjor clastic input to the basin, interpreted as the start
of significant exhumation and inferred uplift of the Himalaya.
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Limited age information for the lower Tertiary sedimentary rocks can
be gained from stratigraphy, paeontology, and paleomagnetic studies. The
conformably underlying Subathu Formation is paleontologically dated asex-
tending from the Paleocene to the early part of the middle Eocene (Mathur,
1978). A paeomagnetic study (Najman et a., 1994) produced adepositiona
ageof 35,5+ 6.7 Mafor the Dagshal Formation; thisageisan averagefor the
succession, and therefore the age of the base and top of the sequence should
be, respectively, older and younger than this average. The age determined pa-
leomagnetically appearsto be at variance with the new Ar-Ar detrital mica
age data reported in this paper. | nherent inaccuracies associated with the pa-
leomagnetic technique, including uncertainties in the I ndian gpparent-polar-
wander path, and tectonic shortening estimates of the Sub-Himalaya, could
be responsible for the apparent age discrepancy, which neverthel ess ap-
proaches being within error for one of the two Dagshal Formation samples.
The paleomagnetic dating was afirst step toward interpreting the Dagshai
Formation asyounger than the Subathu Formation, animportant result asthe
Dagshai was previoudy considered by some workers as being of equivalent
age to the Subathu Formation (Raiverman and Raman, 1971). However, the
Ar-Ar dating in this paper represents asignificant advancein accuracy.

An early Miocene ageis generally assumed for the Kasauli Formation,
onthebasisof the occurrence of early-middie Miocene plant remains (Fiest-
mantel, 1882) and Aquitanian mammal remains (Pilgrim, 1910; Bossart and
Ottiger, 1989) in the broadly correlative Murree Formation of Pakistan (e.g.,
Gansser, 1964). The age of the overlying Lower Siwalik subgroup provides
afurther constraint but, in India, isonly poorly constrained at an approximate
averageof 15Ma(Lyon-Caen and Molnar, 1985). In Pakistan, the base of the
Lower Siwalik sensu stricto (i.e., the base of the Chinji Formation) has been
dated as 14.3 Ma (Johnson et d., 1985). However, the Kamlia Formation,
dated as18.3-14.3 Ma, underliesthe Chinji Formation, and confusion exists
asto whether the Kamlial Formation should be assigned to the Lower Siwa
lik subgroup (e.g., Pilgrim, 1910; Johnson et a., 1985) or to the underlying
Murree Formation (e.g., Cotter, 1933), which isacorrelative of the Dagshai
and Kasauli Formationsin India

Thisstudy has enabled usto constrain more accurately the depositional
ages of thelower Tertiary foredeep sedimentary units, on the basis of thefact
that a sediment will be younger than or equal to the age of the youngest un-
altered detrital micait contains.

“OAr-3Ar DATING OF DETRITAL WHITE MICAS
M ethodology

Single crystals of muscovite were separated from two Dagshai and
three Kasauli Formation sandstones, from localities shown in Figure 1. Be-
tween 6 and 13 handpicked muscovites from each sample were analyzed by
using single-step total fusion. Four further muscovites were subjected to in-
cremental step heating of as many asfive steps. ©Ar/A°Ar analyseswere mea-
sured by using the argon laser probe et the Vrije Universiteit, Amsterdam, as
described by Wijbrans et a. (1995), except that the electron multiplier was
operated at again of 40 000, instead of 10 000. In addition, muscovitesfrom
the same samples were analyzed by using the electron microprobe as a test
of ateration of the samples. Illite crystallinity was also used to determine if
postdepositional temperatures were sufficient to cause resetting.

Results

40Ar /39Ar Muscovite Ages. Table 1 summarizes the results of the
4OAr/3%Ar dating.! Most samples show a considerable spread of muscovite
ages, as expected for sediment derived from various sources. The Kasauli
Formation possesses the youngest muscovites, and the younger mus-
covite:older muscovite ratio is generally higher compared to the Dagshai
Formation. The Dagshai Formation has the oldest muscovites. A significant

1GSA Data Repository item 9729, Analyses of Himalayan white micagrains, is
available on request from Documents Secretary, GSA, PO. Box 9140, Boulder, CO
80301. E-mail: editing@geosociety.org.
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TABLE 1. “*Ar/* Ar AGES, WHITE MICA,
DAGSHAI AND KASAULI FORMATIONS

Formation and sample numbers

Dagshai Dagshai Kasauli Kasauli Kasauli
90-29F 91-12G 91-12D 91-9B 91-85A
Single grain ages (Ma)
24707 1007+03 35102 232+01 69905
246+04 26604 63102 239x06 27.6x03
24609 283+04 442+02 254x04 337x06
247+06 135203 287+02 81004 277x02
3302+1.0 346614 286+03 220x04 29705
22411 72103 77.8+03 243x03 1620x12
252+06 498=+05 27205 25301
27.0x1.0 31.7+x07 239x04
43503 448£03 547+x03
856+0.8 27.7+x03 222zx02
25306
320= 1.7
1148+ 1.5
28211
275+04
Modes (Ma)
247 28.0 27.6 22.1 27.7
28.7 232
44.2 242
253

Note: Single-crystal (total fusion, total gas ages from step-
heating experiments) ages reported to 85G003 TCR sanidine @
27.92 Ma; errors reported as | standard deviation of analytical
precision. See footnote 1 in text.

proportion of the dates falls between 35 and <22 Ma

The frequency profilesin Figure 2 sum the Gaussian error distribution
curvesfor theindividual grainsin each sample using the calculated ages and
standard deviations as reported in Table 1. Samples with small error bars
show up as high, narrow peaks, and those with large error bars show up as
low, wide peaks. This process dlows us to identify modes representing the
most probable mica agesin each sample. In this study, only modes defined
by two or more analyses are considered, becauseit isinadvisableto placetoo
much significance on a single data point. Modal vaues for all samples are
giveninTeble 1.

M uscovite Alteration. Incrementa step heating, € ectron-microprobe
analyses, thin-section examination, and illite crystalinity were used to as-
sess the degree of alteration of the micas (i.e, the potentia for either post-
depositional resetting or alteration by westhering in the source area).

Incremental Heating. Incremental heating during “CAr/3°Ar dating
was carried out on four muscovites from three samples (Fig. 3). All pro-
duced flat spectra, indicating no detectable signs of alteration in the
“OAr/°Ar age spectra.

Electron-Microprobe Analyses. Alkdi lossin muscovitesisagood in-
dicator of ateration. Electron-microprobe traverses were run on threeto five
muscovites from each sample (representative resultsin Fig. 4). Inmost cases,
total alkali contentsaretypical of unatered micas, and any ateration is often
confined to the edge of the micagrain, where clear gradients can be seen.

Thin-Section Examination. Many of the white micas appeared fresh
and relatively unaltered in thin section, athough some grains showed signs
of ateration, mainly at therim or along cleavages. Micasin Kasauli Forma:
tion sample HMY1-85A appeared to be more altered compared to grains
from the other samples.

Ilite Crystallinity. lllite crystallinity provides ameasure of the degree
of metamorphism that arock hasbeen subjected to. Measurementswere made
on the <2 pm fraction of Dagshai and Kasauli Formation mudstones from a
number of localities. A small sizefraction was used in order to measurethe di-
agenetic component of the rock rather than adetrital signature. All samples
fell into the diagenetic to lower anchizone zones, implying diagenetic tem-
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Figure 2. Frequency profiles of Gaussian error distribution curves for
micas younger than 40 Ma from each locality. Each curve corresponds
to individual mica. Curve shown in bold is sum of underlying curves.
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Figure 3. Incremental-heating age spectra of single muscovite grains
from Dagshai Formation (two grains, sample Hm91-12G, solid line) and
Kasauli Formation (Hm91-9B, dashed line, and Hm91-12D, dotted line).
Height of individual steps is +1 standard deviation of apparent age.

peratures of ~<200 °C (Kubler, 1967; Blenkinsop, 1988), insufficient to cause
postdepositional resetting of the micas.

Dating of the Sediments. “CAr/3Ar dating of individua detrital white
micas permits us to place a maximum depositional age on the sedimentary
rocks; they areyounger than the detrital micaagethat recordsthetime of mica
cooling through ~350 °C in the source ares, the difference being thetime re-
quired to denude~10 km of overburden. We can therefore (1) datethe Dagshai
Formeation fromtwo locditiesas <25 Maand <28 Maand (2) datethe Kasauli
Formation as <28 Maat two localitiesand <22 Maat athird locality.
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Figure 4. Traverses across selected micas showing variation in alkalis
within grain as indication of levels of alteration. K + Na + Cais plotted in
stoichiometric formula units (pfu = per formula unit). Samples: trian-
gle—HmM91-12D, diamond—Hm90-29F, white circle—HmM91-85A,
square—HmM91-12G, black circle—HmM91-9B.

DISCUSSION

This work enables us to place a maximum age on the deposits that
record the start of substantial erosion and exhumation of the Himalaya. Al-
though thefine-grained, lowest part of the Dagshai Formation, whichismica
free and therefore undatable by this method, will be older than the ages cal-
culated from the overlying sandier parts of the Dagshai Formation, this fact
isunlikely to significantly affect our interpretation. The lowest part of the
Dagshai Formation isinggnificant in terms of thickness; therefore, if these
lowest Dagshai rocks were notably older than the ages given for the overly-
ing sandstones, sedimentation would have been extremely dow during this
initid period, astuation not signifying substantial earlier exhumation of the
orogen. Furthermore, the lowest Dagshai Formation is mud dominated; the
lack of anotable clastic component suggeststhat substantial erosion and ex-
humation of the orogen was not occurring during thistime. Thus, the start of
significant Himalayan erosion, indicated by thefirst substantia input of clas-
tic material to the basin, isreflected in the sandier materia of the Dagshai
Formation above the lowest, thin, mudstone-dominated strata, and the over-
lying Kasauli Formation, both of which we have now dated by using detrital
micas. Hence, the tart of significant Himalayan erosion and exhumation oc-
curred after 28 Ma. A potential connection between deposition of the early
foredeep sediments and movement along the Main Central thrust, active by
2421 Ma(Hubbard and Harrison, 1989; Harrison et a., 1995), should aso
be noted.

Theinference from the aboveisthat thereisno clear evidence of asub-
stantial clastic sedimentary signal from the evolving orogen before 28 Ma
Why isthis so, as crustal thickening and metamorphism are thought to have
occurred by thistime (Frank et d., 1977; P. Zeitler in Hodges and Silverberg,
1988; Inger and Harris, 1992; Searle, 1996, and references therein; Vannay
and Hodges, 1996)? A number of possibilities exist: (1) Crustal thickening
and metamorphism had not occurred in the source area by this time.
(2) Crustal thickening, metamorphism, exhumation, and erosion had oc-
curred in the source areaby thistime, but the depositsare either not preserved
or not exposed in the foredeep. (3) Crusta thickening and metamorphism
had occurred in the source area, but exhumation had not.

Option 1isunlikely because available evidence would seem to refute
any suggestion that early “ Eo-Himalayan” metamorphism and crustal thick-
ening, dated as early Eocene—early Oligocene, did not occur (P. Zeitler in
Hodges and Silverberg, 1988; Inger and Harris, 1992; Vannay and Hodges,
1996).

Option 2 would require that the early sediment bypassed the foredeep
and was deposited in marinefansor that it was buried beneath more northerly
thrust sheets. Drilling by the Ocean Drilling Program on the Bengal Fan (Leg
116) did not penetrate the base of the fan, but sedimentological and seismic
criteriasuggest that the base was approached and that the onset of fan sedi-
mentation dates from the early Miocene (Cochran, 1990). However, terrige-
nousmaterid of late Eocene and early Oligocene agein theArabian Seawas
presumed by Kidd and Davies (1978) to have been derived from the Hi-

537



malaya. In addition, Lyon-Caen and Molnar (1985) have calculated that a
small quantity of foredeep sedimentary deposits may have been thrust be-
neath the Himalaya, although they suggest that most sediment was probably
accreted to form the foothills of the range. Very small volumes of foredeep
sediments are a so found beneath more northerly thrust sheets(Ngiman et al.,
1993). Although these deposits are largely the Paleocene-middle Eocene
nonclastic marine Subathu Formation lithol ogies and lowest Dagshai For-
mation mudstone, it could be that an overlying clastic succession was de-
tached by thrusting. Therefore option 2 cannot be discounted, although along
strikein Pakistan, | ate Paleocene-middle Eocene foredeep rocks are exposed
at the same structural position beneath the Main Boundary thrust as the
Dagshai and Kasauli formationsin India (Bossart and Ottiger, 1989). This
fact suggeststhat remoteness from the early evolving mountain front did not
preclude asedimentary response and that the exposed foredeep sedimentsdo
record the complete early evolution of the orogen.

Option 3 requires delayed exhumation in response to crustal thicken-
ing. Formation of acold dense root, either by orogenic thickening affecting
the whole lithosphere (Fleitout and Froidevaux, 1982; Platt and England,
1994) or by eclogitization of the lower crust (Richardson and England,
1979; Dewey et a., 1993), inhibits uplift. Uplift finally occurs owing to e-
ther convective removal of part of the mantle lithosphere or warming of the
cold root. The former mechanism resultsin sudden rapid uplift, and the lat-
ter mechanism produces gradud uplift. Because the Indian Himalayan fore-
deep sedimentary record suggests a gradual increase in sedimentation
through time, delayed uplift followed by gradual warming of the cold dense
root would bethe more likely scenario. If thisisthe case, it hasfar reaching
implications for the modeling of tectonothermal processes in the continen-
td lithosphere and mechanisms of orogenic devel opment.
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